Ectopic expression of the rice WINDING 1 (WIN1) gene leads to a spiral phenotype only in shoots but not in roots. Rice WIN1 belongs to a specific class of proteins in cereal plants containing a Bric-a-Brac/Tramtrack/Broad (BTB) complex, a non-phototropic hypocotyl 3 (NPH3) domain and a coiledcoil motif. The WIN1 protein is predominantly localized to the plasma membrane, but is also co-localized to plasmodesmata, where it exhibits a punctate pattern. It is observed that WIN1 is normally expressed in roots and the shoot-root junction, but not in the rest of shoots. In roots, WIN1 is largely localized to the apical and basal sides of cells. However, upon ectopic expression, WIN1 appears on the longitudinal sides of leaf sheath cells, correlated with the appearance of a spiral phenotype in shoots. Despite the spiral phenotype, WIN1-overexpressing plants exhibit a normal phototropic response. Although treatments with exogenous auxins or a polar auxin transport inhibitor do not alter the spiral phenotype, the excurvature side has a higher auxin concentration than the incurvature side. Furthermore, actin filaments are more prominent in the excurvature side than in the incurvature side, which correlates with cell size differences between these two sides. Interestingly, ectopic expression of WIN1 does not cause either unequal auxin distribution or actin filament differences in roots, so a spiral phenotype is not observed in roots. The action of WIN1 appears to be different from that of other proteins causing a spiral phenotype, and it is likely that WIN1 is involved in 1-N-naphthylphthalamic acid-insensitive plasmodesmata-mediated auxin transport.
Introduction
The form and function of a plant are often regulated by the balance of various internal and environmental factors, with hormones being the most important internal factors. The main axis of a typical plant is established by interactions between auxins and cytokinins. It has long been known that gibberellins regulating plant height, and reducing gibberellin levels or responsiveness to these hormones leads to dwarfism. Gibberellins, brassinosteroids and auxins influence plant stature by regulating expansion of the longitudinal axis, whereas ethylene and cytokinins act to increase cell expansion of the transverse axis (Mizukami 2001) . Building a local auxin gradient is crucial for plant development, morphogenesis and tropic responses (Leyser 2005 , Zhao et al. 2010 , Brunoud et al. 2012 . The polar auxin transport system has been the subject of active research in auxin gradient establishment (Blakeslee et al. 2005) .
Directional growth is an important process in determining the shape of individual organs as well as the whole plant, and it is usually accomplished by differential cell division and/or cell expansion on opposite sides of an organ. It has been well established that tropic growth caused by gravity or unidirectional light is primarily regulated by asymmetric expansions due to uneven auxin distributions/responses on opposite sides of shoots or roots. In phototropism, the Arabidopsis NONPHOTOTROPIC HYPOCOTYL 3 (NPH3) regulatory protein works with the PHOTOTROPIN1 (PHOT1) photosensor to mediate auxin signal transduction (Motchoulski and Liscum 1999, Pedmale and Liscum 2007) . The COLEOPTILE PHOTOTROPISM1 (CPT1) gene, the ortholog of Arabidopsis NPH3 in rice, has been shown to be involved in coleoptile phototropism and lateral auxin transport (Haga et al. 2005 ).
Various mutants with altered directional growth have been reported. Dominant-negative mutations of two a-tubulins lead to left-handed helical growth in elongating organs of Arabidopsis (Hashimoto 2013) . Two other mutants in Arabidopsis, sprial1 (spr1) and tortifolia1 (tor1)/spiral2 (spr2), display right-handed helical growth in various organs, including roots, etiolated hypocotyls and leaf petioles (Buschmann et al. 2004 , Nakajima et al. 2004 . The SPR1 and TOR1/SPR2 genes encode plant-specific microtubule-associated proteins that regulate the orientation of microtubules and the direction of organ growth. More than 30 Arabidopsis twisting or spiral mutants have been shown to possess either missense or deletion mutations of a-or b-tubulins (Ishida et al. 2007 ). The RICE MORPHOLOGY DETERMINANT (RMD) gene encodes a type II formin that can nucleate actin polymerization of actin, and rmd mutants display a bent growth pattern in seedlings (Yang et al. 2011 . Similarly, the rice VILLIN2 (VLN2) protein is capable of enhancing actin filament bundling. A vln2 mutant presents twisted roots and shoots at the seedling stage, mainly caused by asymmetric expansion of cells on opposite sides of an organ, and it exhibits a hypersensitive gravitropic response and altered auxin distribution (Wu et al. 2015) .
In seeking genes regulating rice development, we screened the Taiwan Rice T-DNA Insertion Mutant (TRIM) populations (Hsing et al. 2007 , Lo et al. 2016 ) for altered seedling morphology, and identified a mutant with a spiral (winding) shoot phenotype but apparently normal roots. A unique gene, WINDING1 (WIN1), which encodes a protein containing a Bric-a-Brac/Tramtrack/Broad (BTB) complex and an NPH3 domain (BTBN), was found to be activated by Caulifower mosaic virus (CaMV) 35S enhancers carried by the T-DNA. Recapitulation experiments demonstrated that overexpression of WIN1, driven by a strong constitutive promoter, induced the same phenotype as the T-DNA activation-tagged mutant. WIN1 protein is localized on plasma membrane and plasmodesmata (PDs), and its ectopic expression leads to uneven distributions of auxin and F-actin in leaf sheaths, resulting in the formation of spiral shoots.
Results

Ectopic expression of WIN1 leads to a spiral phenotype in rice shoots
We identified a T-DNA insertion mutant line, M20676, with spiral leaf blades and leaf sheaths at the seedling stage by screening the TRIM population (Fig. 1A) . The T-DNA was inserted 362 bp upstream from the coding region of a BTBN gene (BTBN6), LOC_Os03g22600, on chromosome 3 (Fig. 1B) . The T-DNA insertion genotype and the spiral phenotype were observed in both heterozygous and homozygous lines but not in the segregated wild type (WT), indicating that the spiral phenotype was probably caused by activation of the BTBN6 gene via the CaMV35S enhancers carried by the T-DNA ( Supplementary Fig. S1 ). Involvement of a BTBN6 gene in spiral phenotype development has never been reported before, so we named this gene WINDING1 (WIN1) to distinguish it from previously reported SPIRAL (SPR) genes. We further confirmed the role of BTBN6 through a recapitulation experiment in which ectopic expression of BTBN6 was driven by a ubiquitin (Ubi) promoter (Fig. 1C) , resulting in the same spiral phenotype as seen in the original T-DNA activation line, WIN1 Act (Fig. 1D) .
Coleoptiles and first leaves grew normally at the initial postgermination stage of WIN1 Act , but second leaves started extending spirally. The ratio of left-handed to right-handed spirals in this mutant was about 1 (Fig. 1E) , indicating that the orientation of this helical growth phenotype is random. This finding differs from the spiral phenotype caused by microtubule mutations in which the orientation is either completely right or left handed (Thitamadee et al. 2002 , Buschmann et al. 2004 , Nakajima et al. 2004 , Shoji et al. 2004 , Ishida et al. 2007 , Hashimoto 2013 . When WIN1 Act plants grew to the tiller stage, the upper leaves and sheaths had slightly recovered from the spiral phenotype, but basal leaves and sheaths were still twisted (Fig. 1A) . WIN1 Act mature plants were semi-dwarf in comparison with the WT (Fig. 2A) . The internodes in tillers of WIN1 Act and WIN1-overexpressing (WIN1-Ox) plants were also slightly curled and exhibited bending near the node (Fig. 2B) . WIN1 Act and WIN1-Ox plant panicles possessed wavy rachides and curled spikelet branches (Fig. 2C) . Seeds of WIN1 Act and WIN1-Ox plants were smaller than those of the WT, and their hulls were slightly twisted longitudinally (Fig. 2D) . All of these observations seem to suggest that various tissues/organs in plants ectopically expressing WIN1, i.e. WIN1 Act and WIN1-Ox plants, display unbalanced growth probably due to differential expansions in different parts of the tissue/organ.
WIN1 is a member of the BTBN protein family with novel functions
The coding region of WIN1 is 2,001 bp long and encodes a predicted 71 kDa protein of 667 amino acids. The WIN1 protein contains a BTB domain, an NPH3 domain and a coiled-coil motif (Fig. 1B) . We established the presence of these three domains based on comparisons with the Arabidopsis NPH3 protein (Motchoulski and Liscum 1999) , but the complete amino acid sequence of WIN1 shares only 33% identity with that of Arabidopsis NPH3 ( Supplementary Fig. S2 ). Null mutations of nph3 in Arabidopsis have a severe defect in blue light phototropism but no influence on other aspects of development (Liscum and Briggs 1995 , Liscum and Briggs 1996 , Motchoulski and Liscum 1999 . Due to the low amino acid sequence similarity between WIN1 and NPH3, we performed coleoptile phototropism studies on WIN1 Act and WIN1-Ox plants and found no apparent phototropic deficiency ( Supplementary Fig. S3A ), suggesting that WIN1 may possess novel functions that differ from those of Arabidopsis NPH3. Similarly, roots of WIN1 Act and WIN1-Ox plants displayed normal graviotropic responses like those in WT plants ( Supplementary Fig. S3B ).
We identified a total of 59 WIN1 homologs by BLASTP analysis against the NCBI database (https://www.ncbi.nlm.nih.gov/).
Our phylogenetic analysis of a multiple sequence alignment of these protein sequences ( Supplementary Fig. S4 ) showed that WIN1 homologs first appeared in bryophytes since no WIN1 homologs appear to exist in algae. Modern WIN1 homologs form three distinct clades in angiosperms: a large one comprising all dicotyledonous plant homologs and two distinct clusters of monocotyledonous plant homologs ( Supplementary Fig. S5 ). The distinct clade of homologs in grasses, including rice, suggests that grasses possess a unique WIN1 function.
We generated Ubi:WIN1-Nos transgenic Arabidopsis to investigate WIN1 functional diversity in monocotyledonous and dicotyledonous plants. Accumulation of WIN1 transcripts in transgenic Arabidopsis lines was confirmed by reverse transcription-PCR (RT-PCR). However, the transgenic Arabidopsis did not show a spiral or twisted phenotype in shoots or roots, indicating that WIN1 has specific functions in rice or other monocots not possessed by dicotyledonous plants such as Arabidopsis ( Supplementary Fig. S6 ).
WIN1 is specifically expressed in roots and shootroot junctions
We searched various microarray/transcriptomic databases, such as RiceXPro (http://ricexpro.dna.affrc.go.jp) and GENEVESTIGATOR (https://genevestigator.com/gv/index.jsp), and found that WIN1 is mainly expressed in roots at both vegetative and reproductive stages. RT-PCR analysis of WIN1 transcript levels in various parts of rice seedlings-including four regions of primary roots, as well as the shoot-root junction (region A), leaf sheaths (region B) and leaf blades (region C)-showed that WIN1 is expressed in all regions in roots as well as the shoot-root junction, but not in leaf sheaths or leaf blades (Fig. 3A, B) .
We generated transgenic rice carrying WIN1:GUS (b-glucuronidase) to analyze further tissue-specific expression patterns of WIN1. Histological staining of GUS showed that WIN1 was undetectable in any shoot tissues, but it was expressed in primary and lateral roots and in the shoot-root junction (Fig. 3C) . Expression levels of WIN1 seemed to be more pronounced in vascular tissues and lateral root primordia (Fig. 3C) . Thus, our GUS staining assays corroborate our RT-PCR results, supporting that WIN1 is spatially expressed in roots and shoot-root junctions, but not in leaf sheaths or blades.
WIN1 primarily localizes on the plasma membrane and partially co-localizes with plasmodesmata To carry out subcellular localization studies of WIN1, we translationally fused the coding sequence of enhanced green fluorescent protein (eGFP) at the N-terminus of WIN1 and expressed it under the control of the Ubi promoter. Transgenic rice plants expressing Ubi:eGFP-WIN1 still displayed the spiral shoot phenotype (Supplementary Fig. S7A ). In root cell division and elongation zones, GFP signals from eGFP-WIN1 were largely localized to the apical and basal sides of cells ( Fig. 4A, B ; Supplementary Fig. S7B ). GFP signals in control CaMV35S:eGFP transgenic roots were distributed throughout the cytoplasm as expected (Supplementary Fig.  S7C ). When we plasmolyzed root cells expressing eGFP-WIN1, GFP signals exhibited a punctate pattern along the plasma membrane, which was detached from cell walls ( Fig. 4C ; Supplementary Fig. S7D ). Leaves and leaf sheaths in transgenic plants harboring Ubi:eGFP-WIN1 also expressed eGFP-WIN1. However, the cellular localization of eGFP-WIN1 in shoots was substantially different from that in roots. eGFP-WIN1 was distributed in a punctate pattern along all sides of the cells of both the excurvature and incurvature halves of the spiral leaf sheath, as opposed to the mostly apical and basal sides of root cells (compare Fig. 4B with D) . We transfected the CaMV35S:eGFP-WIN1 construct into onion epidermal cells for transient expression and found that WIN1 was also localized on the plasma membrane and on Hechtian strands after plasmolysis (Fig. 4E) . eGFP-WIN1 localization on the plasma membrane was further verified by cellular fractionation experiments, with eGFP-WIN1 proteins being detected by antibodies against WIN1 or eGFP in the high-speed membrane pellet but not in the soluble fraction (Fig. 4F) .
PDs are passageways through cell walls at which the plasma membranes of two adjacent cells are connected. PDs are normally distributed over cell walls in a punctate pattern (Bell and Oparka 2011) . Since we observed a punctate eGFP-WIN1 pattern, we investigated whether WIN1 protein co-localizes with PDs. Using Agrobacterium infiltration, we introduced Ubi:eGFP-WIN1 together with a construct CaMV35S:mOrange2-TMD that expresses the PD-specific transmembrane domain of PLASMODESMATA LOCALIZED PROTEIN 1 (PDLP1) (Thomas et al. 2008 ) fused with mOrange2 into tobacco cells. Some, but not all, of the mOrange2 (magenta) and eGFP (green) fluorescence signals appeared to overlap ( Fig. 4G ; Supplementary Fig. S8 ), indicating that WIN1 co-localized with some, but not all, PDs.
The spiral phenotype in WIN1 Act and WIN1-Ox plants is not altered by growth under constant darkness or treatment with exogenous auxins or auxin transporter inhibitors As mentioned before, ectopic expression of WIN1 leads to a spiral phenotype in shoots, but not in roots. We examined the roots carefully, and could not find significant differences between WT, WIN1 Act and WIN1-Ox plants in terms of gross root morphology and total root length ( 'Mock'). Since WIN1 shares some sequence similarities with Arabidopsis NPH3 and rice CPT1, which are known to be involved in auxin responses (Motchoulski and Liscum 1999, Haga et al. 2005) , we examined whether the spiral phenotype in WIN1 Act and WIN1-Ox plants is affected by exogenous auxins or auxin transport inhibitors. Two-day-old WIN1 Act and WIN1-Ox seedlings were treated with IAA, naphthaleneacetic acid (NAA) or the auxin transport inhibitor, 1-N-naphthylphthalamic acid (NPA), for 5 d. Treatment with exogenous IAA and NAA induced a significant reduction in root growth, and treatment with NPA affected both leaf and root growth, indicating that these treatments were effective in plants. However, none of these treatments altered the development of the spiral phenotype in WIN1 Act or WIN1-Ox plants (Fig. 5) . Similarly, growth under constant darkness or treatment with ABA, gibberellin GA 3 or epibrassinolide did not affect the development of spiral leaf sheaths ( Fig. 5; Supplementary Fig. S9 ).
Ectopic expression of WIN1 leads to asymmetric distribution of auxin in leaf sheaths
Asymmetric distributions of auxin are known to affect directional growth of plant tissues/organs, e.g. phototropic and gravitropic growth is caused by one side of the tissue having a higher auxin concentration than the other, leading to differential cell expansion. Therefore, we investigated endogenous auxin concentrations in spiral leaf sheaths using a reporter gene construct, DR5:GUS, which contains an auxin-responsive promoter that drives the expression of a reporter protein GUS (Fig. 6A) . We introduced the DR5:GUS construct into the WT (designated DR5:GUS in WT) and WIN1 Act rice plants (designated DR5:GUS in WIN1 Act ). We transversely excised the second leaf sheath from 6-day-old seedlings of the DR5:GUS in the WT and DR5:GUS in WIN1 Act lines and then stained for GUS activities. GUS activity for DR5:GUS in WT leaf sheaths was expressed in and around all large and small vascular regions ( Fig. 6B ; Supplementary Fig. S10 ), but GUS staining appeared to be evenly distributed around the edge of leaf sheath cross-sections. In contrast, GUS activities on the excurvature sides of leaf sheaths in two different DR5:GUS in WIN1 Act lines appeared to be much higher than for the incurvature sides ( Fig. 6B ; Supplementary Fig. S10 ).
We assessed GUS activities on two different sides of leaf sheaths to quantify the uneven auxin distributions. The the left and right sides of WT plants and the excurvature and incurvature sides of WIN1 Act plants were physically separated along the longitudinal axis (Fig. 6C ) and subjected to GUS activity assays. GUS activity in the excurvature side was higher than for the incurvature side (Fig. 6D) . While the ratio of GUS activities between left and right sides of DR5:GUS in WT plants was around 1 as expected, the difference in GUS activity between the excurvature and incurvature sides of leaf sheaths in DR5:GUS in WIN1 Act plants was >5-fold (Fig. 6E) , confirming our histological GUS staining results. Taken together, our data strongly indicate that the development of spiral leaf sheaths in plants ectopically expressing WIN1 is correlated with an asymmetric distribution of auxin.
Ectopic expression of WIN1 leads to differential cell expansion and a reduction of F-actin in leaf sheaths
The spiral formation of leaf sheaths in WIN1 Act and WIN1-Ox plants was apparently caused by differential cell expansion between two opposing sides of leaf sheaths. The average cell lengths of the left and right sides of WT plants were equivalent, but the cell lengths of the excurvature side of spiral sheaths from WIN1 Act and WIN1-Ox plants were longer than those of the incurvature side (Fig. 7) , which probably accounts for the formation of the spiral structure.
Filamentous actin (F-actin) has been shown to be important for exocytotic secretion of cell wall materials and endocytotic recycling of membrane proteins such as the auxin efflux transporter, PIN (Nick 2010) . Therefore, we investigated whether the spiral phenotype caused by ectopic expression of WIN1 is related to changes in F-actin levels. Tissue samples were excised from WT, WIN1 Act and WIN1-Ox seedlings, as described above.
After fixation, F-actins were stained with AlexaFluor488-phalloidin and observed by confocal microscopy. Levels of F-actin on the two sides of the WT plant appeared to be the same, but levels of F-actin in the incurvature side of the WIN1 Act and WIN1-Ox plants were much lower than those in the excurvature side (Fig. 8) . As a control, F-actin levels were examined in the root elongation zones of WT, WIN1 Act and WIN1-Ox plants, but ectopic expression of WIN1 did not seem to affect levels of F-actin in either epidermal or cortex cells of roots ( Supplementary Fig. S11 ).
Discussion
Forward genetic approaches to mutant screening and characterization are an effective means of identifying novel genes regulating plant development, and the TRIM population is a rich genetic resource for this approach (Hsing et al. 2007 , Lo et al. 2016 . Approximately two-thirds of the >80,000 independent T-DNA insertion lines in TRIM have known flanking sequences around the insertion site, so it is relatively straightforward to identify the gene responsible for a mutant phenotype. Furthermore, most of the T-DNAs inserted into the rice genome carry four copies of the CaMV35S enhancer, leading to activation of genes near the insertion site (Hsing et al. 2007 , Lo et al. 2016 . Thus, most mutations identified in the TRIM population are dominant in nature, with the mutant genes being activation tagged by T-DNA. We identified a mutant in the TRIM population with an intriguing shoot spiral phenotype and investigated the gene responsible for this phenotype, WIN1, as well as its action.
Ectopic expression of WIN1, which encodes a unique BTBN protein, is responsible for the shoot spiral phenotype
The T-DNA insertion causing development of the shoot spiral phenotype has its insertion site directly upstream from the WIN1 gene, most probably in the promoter region, leading to enhanced expression of WIN1 as evidenced by the elevated level of its transcripts compared with the WT (Fig. 1C) . In our recapitulation experiments in which the WIN1 open reading frame was overexpressed under regulation of a strong constitutive Ubi promoter, the transgenic rice lines displayed virtually the same phenotype as the original T-DNA activation line (Fig.  1D) . It is intriguing to note that although shoots displayed the spiral phenotype at the seedling stage, as well as abnormally bent internodes and wavy rachis panicle branches in mature plants, roots at all developmental stages appeared to be quite normal compared with the WT. WIN1 transcripts were only detected in roots and the shoot-root junctions, but not in the rest of shoots (Fig. 3) . Thus, it appears that ectopic expression of WIN1, which normally functions in roots, induces asymmetric growth of shoot tissues, leading to the spiral, bent and wavy phenotypes (Figs. 1, 2) .
WIN1 homologs are present in all land plants, yet rice WIN1 belongs to a separate subgroup of these homologs in grasses that constitutes a clade different from WIN1 homologs in dicots and other monocots. This may imply that rice WIN1 and its homologs in grasses may have a divergent role compared with other WIN1 homologs. WIN1 is a member of a protein family containing a BTB or Poxyvirus Zinc Finger (POZ) complex (Zollman et al. 1994) , an NPH3 domain (Motchoulski and Liscum 1999 ) and a coiled-coil domain. It has previously been shown that a BTB-NPH3-like protein, NPY1, encoded by the NAKED PINS IN YUC1 gene, plays a critical role in auxin-regulated organogenesis in Arabidopsis (Cheng et al. 2007 ). NPY1 may interact with another regulator protein PID, a Ser/Thr protein kinase that is probably involved in auxin transport by modulating the cellular localization of the auxin efflux transporter, PIN (Cheng et al. 2007) . Therefore, it is conceivable that rice WIN1 also plays a role in regulating auxin transport. However, the presumed effect of WIN1 on auxin transport is probably not directly related to PIN, since application of a PIN-specific inhibitor (NPA) did not affect spiral formation in rice plants ectopically expressing WIN1 (Fig. 5) .
WIN1 is localized to the plasma membrane in a punctate pattern and also partially co-localized to plasmodesmata Rice WIN1 is normally expressed in roots and the root-shoot junction region, but not in other parts of shoots (Fig. 3) . In root cells, WIN1 proteins are detected on the horizontal edges, both apical and basal sides, but not as much on the longitudinal edges. The apical and basal sides of these cells are where transporters responsible for basipetal and acropetal polarized auxin transport are located. It has been well established that PIN is primarily localized on the basal side of root cells, whereas the putative H + / auxin symporters are on the apical side (Blakeslee et al. 2005) . Upon plasmolysis, we found that WIN1 proteins were primarily localized on the plasma membrane (Fig. 4C) . Localization of WIN1 on the plasma membrane was confirmed by two more lines of evidence. First, we show that WIN1 is associated with Hechtian strands, i.e. the part of the plasma membrane still connected with cell walls even after plasmolysis (Fig. 4E) . Secondly, WIN1 proteins were detected in high speed membrane pellets in our cell fractionation experiments (Fig. 4F) . However, the distribution of WIN1 on the plasma membrane is not uniform, instead exhibiting a distinct punctate pattern.
When we transiently expressed rice WIN1 in tobacco leaf cells, it was also localized along the edges of cells in a punctate pattern. Furthermore, WIN1 partially co-localized with a known PD marker, transmembrane domain (TMD) (Thomas et al. 2008) (Fig. 4G) . Several different types of PDs exist in plants (Robards 1975) and it is unclear if all PDs are marked with TMD, so some WIN1 proteins may be preferentially associated with specific types of PDs. Auxin can be transported via both apoplasmic and symplasmic routes, and it has been suggested that PDs are involved in the symplasmic movement of auxin (Robards 1975, Lucas and Lee 2004) . PDs also provide an important gating mechanism through formation of the polysaccharide callose, so auxin concentration gradients across tissues are not dissipated by simple diffusion among cells with symplasmic connections (Han et al. 2014 ).
Ectopic expression of WIN1 leads to an unequal horizontal distribution of auxin in shoots
When WIN1 is ectopically expressed in shoots under the regulation of a strong constitutive promoter, it is localized along all sides of the cell, not just primarily on the apical or basal sides as in root cells (compare Fig. 6B with D) . Furthermore, there is no apparent difference in WIN1 distribution between the two longitudinal sides of a cell. Since spiral formation is likely to be caused by differential growth between the excurvature and incurvature sides, the effect of WIN1 overexpression on the formation of spiral shoots is not simply due to an asymmetric distribution of this protein. However, we detected a significantly higher level of endogenous auxin on the excurvature side of leaf sheaths compared with the incurvature side (Fig. 6) . Since WIN1 proteins are not normally present in these leaf sheath cells (except when they are ectopically expressed due to the action of a strong constitutive promoter), it is conceivable that the presence of WIN1 on the longitudinal sides of leaf sheath cells in transgenic plants could affect horizontal distributions of auxin. However, how the ectopically expressed WIN1 localized on the longitudinal sides of leaf cells could lead to unequal distribution of auxin appears to be an intriguing question that needs to be addressed. We suggest that the enhanced lateral auxin transport due to ectopic expression of WIN1 (resulting in its presence on the longitudinal sides of shoot cells) could facilitate auxin transport to either side of the shoot tissue. The initially random sidedness of lateral auxin transport then induces a positive feedback loop that up-regulates its own transport, leading to a lateral auxin concentration gradient across leaf sheaths and perhaps explaining why the orientation of the shoot spiral phenotype in these plants appears to be random, i.e. it can be either left or right handed (Fig. 1E) .
The positive feedback loop regulating auxin transport which we suggest here is similar to a scenario proposed for auxin regulation of shoot branching (Leyser 2010) . In studying the effect of auxin on vascular tissue formation, it was suggested that the initial transport of auxin from source to sink tissues could up-regulate and later polarize auxin transport (Sachs 1968) . Auxin is known to exert some of its roles via regulating actin cytoskeletons. Auxin has also been shown to control its own transport by changing the state of cytoskeletal actin filaments (Holweg et al. 2004 , Durst et al. 2013 . Furthermore, directional transport of auxin can be modulated by the cycling of auxin efflux carriers, a process affected by actin cytoskeleton (Nick et al. 2009 , Nick 2010 ). Since we observed that levels of Factin are lower in the incurvature side compared with the excurvature side of shoots, a positive feedback process regulating auxin transport probably takes place in shoot tissues ectopically expressing WIN1, leading to the uneven distribution of auxin between the excurvature and incurvature sides of shoot tissues.
The potential for positive feedback regulation of auxin transport along the spiral structure is an intriguing aspect revealed by this study, but it should be noted that we used a highly sensitive auxin DR5::GUS reporter gene as a surrogate for tedious chemical measurements of auxin concentrations. Although unlikely, we cannot completely rule out the possibility that the two sides of spiral shoot tissues possess a differential sensitivity to auxin, rather than a difference in auxin concentrations.
It is surprising to observe that exogenously applied IAA, NAA and NPA did not alter the development of a spiral phenotype in WIN1 Act and WIN1-Ox plants (Fig. 5) . We suggest that WIN1 is likely to be an efficient NPA-insensitive auxin transporter that can laterally transport IAA and NAA to either side of leaf blades and leaf sheaths when it is localized on the longitudinal sides of cells. Therefore, after being taken up by the seedlings, IAA and NAA are quickly transported laterally to either side of leaf blades and leaf sheaths, thus still causing the development of a spiral phenotype.
Ectopic expression of WIN1 causes changes in the levels of F-actin and differential cell enlargement between the excurvature and incurvature sides of the shoot spiral structure
We have clearly shown that the levels of F-actin in leaf sheath cells were affected by ectopic expression of WIN1. Levels of Factin on both sides of leaf sheaths in WT rice plants were about the same. However, in both the WIN1 Act and WIN1-Ox lines, the incurvature side appeared to have lower levels of F-actin than the excurvature side. Apart from the effect of F-actin on the cycling of the auxin efflux carrier described above, this differential F-actin content can be related to cell expansion. Since Factin is the major molecule for secretory processes that are essential for the transport of some cell wall materials (such as hemicelluloses and cell wall proteins) to their destination in the cell walls, the reduced level of F-actin in cells is probably responsible for the less enlarged cells on the incurvature side of leaf sheaths. Ample evidence has demonstrated the effect of auxin on actin levels and/or bundling. For example, the effect of auxin on actin bundling is an important factor regulating Arabidopsis root growth (Rahman et al. 2007) , and a rice actin-binding protein RMD is a key link in the auxin-actin regulatory process that controls cell growth (Li et al. 2014) . Therefore, our observation of differential levels of F-actin between the two sides of the shoot spiral structure appears to be a key link between the unequal distribution of auxin and the formation of the spiral structure.
In summary, although several spiral mutants arising through different mechanisms have been previously reported, WIN1 appears to be different from other spiral-causing genes as the expression of two other rice spiral-related genes, VLN2 (Wu et al, 2015) and RMD (Yang et al, 2011 , is not affected by ectopic expression of WIN1 (Supplementary Fig.  S12 ). A potential sequence of events triggered by ectopic expression of WIN1 and leading to manifestation of the spiral phenotype is proposed (Fig. 9) . The WIN1 protein contains BTB/POZ and NPH3 domains, and is plasma membrane-and PD-localized, with a function probably related to auxin transport. Since phototropic growth is not affected in WIN1 Act or WIN1-Ox lines, and application of the PIN auxin transporter inhibitor NPA does not affect development of the spiral phenotype in these plants, WIN1 appears to regulate auxin transport in a unique way that has not been described before. Furthermore, the WIN1 gene probably occupies a unique niche in evolution belonging to a grass-specific clade in phylogenetic analysis ( Supplementary Fig. S5 ). The tissue-specific expression of WIN1 in the root and shoot-root junction and its potential role in auxin transport could be related to extensive adventitious root formation in grasses. Therefore, further investigations of the function of WIN1 should reveal new insights into auxin transport regulation.
Materials and Methods
Plants materials
The rice cultivar Oryza sativa cv. Tainung 67 was used throughout this study. WT and mutant seeds were surface-sterilized in 2.5% sodium hypochlorite and germinated on half-strength MS agar medium (Murashige and Skoog medium with vitamins; Phyto Technology Laboratories 
Primers
Sequences of primers for all PCRs are listed in Supplementary Table S1 .
Plasmid construction
To construct various plasmids for gene overexpression, a Gateway (Invitrogen)-based destination vector was prepared, containing Ubi:attR1-Cm-ccdB-attR2-Nos in the pZP200 vector that includes the chloramphenicol (Cm) resistance gene (bacterial selection marker), a recombination selection marker (ccdB) and an LR Clonase recombination site (attR1 and attR2) between the Ubi promoter and the transcription terminator (Nos). The WIN1 cDNA was synthesized from mRNA isolated from the WIN1 Act mutant and cloned into the Gateway entry vector pENTR/MCS (with a multiple cloning site in the pENTR vector). After nucleotide sequence confirmation, the WIN1 cDNA was subcloned into the destination binary vector by LR Clonase, generating pZP200(Ubi:Win1-NOS).
To construct WIN1 promoter:GUS (WIN1:GUS), a 1.9 kb DNA fragment containing sequences upstream of the WIN1 5 0 -untranslated region was amplified from genomic DNA by PCR, sequenced and subcloned into the pENTR/ MCS vector, generating pENTR(WIN1 promoter). The WIN1 promoter was inserted into the pHGWFS7.0 binary vector that contains the coding region of the eGFP-GUS fusion protein (Karimi et al. 2005) . The eGFP carrying F64L and S65T point mutations displays a stronger fluorescence signal than the original GFP (Cormack et al. 1996) .
For subcellular localization studies, the WIN1 cDNA was inserted into the pENTR(eGFP) vector, generating pENTR(eGFP-WIN1). The eGFP-WIN1 fusion gene was subcloned into pZP200(Ubi:attR-NOS), generating pZP200(Ubi:eGFP-WIN1-NOS). The plasmid expressing the PD marker, CaMV35S:mOrange2-TMD, was obtained from Dr. Na-sheng Lin, Institute Plant and Microbial Biology, Academia Sinica, Taipei (Hung et al. 2014) .
For the DR5:GUS construction, seven auxin-responsive elements with nucleotide sequences of 'CCTTTTGTCTC' (Ulmasov et al. 1997 ) fused with the CaMV35S minimal promoter (CCTTCGCAAGAACCTTCCTCTATATAAGGAA GTTCATTTCATTTGGAGAGGACA) (7 Â DR5-mini35S) was synthesized and cloned into the pENTR/MCS vector, generating pENTR(7 Â DR5-mini35S). The 7 Â DR5-mini35S promoter was inserted into the pHGWFS7.0 binary vector to generate pHGWFS7(DR5:GUS). This construct was introduced into WT rice, generating DR5:GUS in WT transgenic rice. The DR5:GUS in pHGWFS7.0 was also subcloned into the pZP200Bar binary vector, which contains a Bar gene for resistance to the Basta herbicide, generating pZP200Bar(DR5:GUS). This construct was introduced into the WIN1 Act line, generating DR5:GUS in WIN1 Act transgenic rice.
RT-PCR analyses
Total RNA was purified from rice leaves or roots, and RT-PCR analyses were conducted as described (Lo et al. 2008 ).
Phylogenetic analysis of WIN1 homologous proteins
Sequences of WIN1 protein orthologs were acquired using the BLASTP software available at the National Center for Biotechnology Information website (http:// www.ncbi.nlm.nih.gov/). BLASTP analyses were performed against protein databases of monocotyledons, dicotyledons, Pinaceae and bryophytes. Aligned proteins with scores >500 and percentage identity >50% were considered WIN1 homologous proteins. Multiple alignment and phylogenetic analyses of WIN1 homologs were performed using the Neighbor-Joining method in MEGA7.0 software (Kumar et al. 2016) , with the gap opening penalty being 10 for both pairwise and multiple alignments, and the gap extension penalty being 1 and 0.5 for pairwise alignment and multiple alignment, respectively. We adopted the BLOSUM protein weight matrix for this analysis (Henikoff and Henikoff 1992) .
GUS staining
Seedlings of transgenic plants carrying WIN1:GUS were immersed in GUS staining solution (100 mM sodium phosphate, pH 7.0, 10 mM EDTA, 0.1 mM potassium ferricyanide, 0.1 mM potassium ferrocyanide, 0.2% Triton X-100 and 1 mM X-Gluc) under vacuum for 30 min, and then incubated at 37 C for 5-10 h. chlorophylls was removed by immersing samples in 70% ethanol at 37 C for 1 h, with this process being repeated a few times until all chlorophylls had disappeared. To monitor the auxin distribution pattern in leaf sheaths, 1 cm long sheaths from the second leaf of DR5:GUS transgenic plants were excised and immediately immersed in pre-chilled 2% paraformaldehyde in phosphatebuffered saline (PBS) solution (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 2 mM KH 2 PO 4 , pH 7.4) containing 0.1% Triton X-100. Samples were vacuumed for 15 min on ice so that the sample sank to the bottom of the solution, before being incubated at 4 C for 1 h and washed three times with PBS solution for 10 min.
Subcellular localization studies
Transgenic rice seeds carrying Ubi:eGFP-WIN1 and CaMV35S:eGFP were germinated and grown vertically on half-strength MS plates in the dark for 3 d. Root tip segments of 1 cm in length were excised and examined under a Zeiss confocal microscope (LSM780). Ubi:eGFP-WIN1 and CaMV35S:mOrange2-TMD were transiently co-expressed in tobacco leaf cells by Agrobacterium-mediated infiltration, as described (Jo et al. 2011) . For the fluorescence imaging analysis of eGFP and mOrange2 under Zeiss LSM780 confocal microscopy, 488 and 543 nm laser sources were used for excitation, and 500-550 and 560-610 nm filters were used for emission.
Microscopic examination of actin filaments
Staining of F-actin filaments was conducted as described (Yang et al. 2011) . Incurvature and excurvature shoots and 1 cm root segments from 5-day-old seedlings were carefully excised and incubated in PME buffer (100 mM PIPES, 10 mM EGTA and 5 mM MgSO 4 , pH 6.8) containing 300 mM m-maleimidobenzoyl-N-hydroxysuccinimide ester, 1.5% glycerol and 0.1% Triton X-100 with gentle shaking for 30 min. Samples were washed twice with PME buffer and then fixed in PME buffer containing 2% paraformaldehyde for 30 min. After rinsing thoroughly in PME buffer, samples were stained in PME buffer containing 1.5% glycerol, 0.1% Triton X-100 and 66 nM AlexaFluor488-phalloidin (actin-staining buffer) at 4 C in the dark overnight. Samples were washed three times in PME buffer and subjected to examination by confocal laser microscopy. Images were collected with a Â 63 water objective lens using a Zeiss LSM 880 equipped with argon and HeNe lasers as excitation sources. Fluorescence was excited at 488 nm and collected with a 492-560 nm filter. The overall fluorescence signal of each genotype was obtained under identical staining conditions and confocal settings. Z-series sections were obtained at 0.45 mm intervals and the images of maximum intensity projection were obtained from 24 optical slices.
Protein extraction and immunoblotting analyses
Crude extracts of membrane proteins were obtained as described (Abas and Luschnig 2010) . Crude extracts were dissolved in 0.05 N NaOH containing 0.1% Triton X-100, then neutralized with a 1/20 vol. of 0.5 N HCl and a 1/ 50 vol. of Tris-HCl, pH 7.5. A 30 mg aliquot of membrane proteins was separated in an 8% SDS-polyacrylamide gel, followed by blotting and immunodetection with anti-WIN1 or anti-eGFP antibodies. WIN1 peptide (ADAKVLFQRRRHS) was used for antibody boost by GenScript Co. The eGFP antibody was provided by Dr. Jan, Fuh-Jyh, Department of Plant Pathology, National Chung Hsing University.
GUS activity assays
The second leaf sheaths from 6-day-old seedlings were subjected to GUS activity assays. The excurvature and incurvature sides of each spiral sheath of DR5:GUS in WIN1 Act plants were separated along the vertical axis as shown in Fig. 8C . The sheath of the second leaf from DR5:GUS in WT plants was separated into left and right parts along the vertical axis. GUS activity assays were performed using a VersaFluor fluorometer (Bio-Rad) as described (Jefferson et al. 1987) .
Supplementary data
Supplementary data are available at PCP online. 
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